Aims: To investigate the influence of irrigation water microbial quality on leafy green vegetables produced in commercial and small-scale farms as well as homestead gardens using pyrosequencing. Methods and Results: Next generation sequencing analysis of the V1-V3 hypervariable region of bacterial 16S rDNA was used to compare bacterial diversity in irrigation water sources and on leafy vegetables. In all samples (12) analysed, the phylum Proteobacteria (64Á5%), class Gammaproteobacteria (56Á6%) and genus Aeromonas (14Á4%) were found to be dominant. Of the total Escherichia sequences detected in tested samples, lettuce (16Á3%) from the one commercial farm harboured more sequences than cabbage from the smallscale farm (1Á3%) or homestead gardens (1Á9%). Escherichia sequences were detected in both irrigation water (4Á6%) and on cabbage (1Á3%) samples from the small-scale farm. The genus Salmonella was absent in borehole water but was detected in the holding dam water (<1%) from commercial farm A. Salmonella sequences were present in river water (<1%) and on cabbages (1Á9%) from the small-scale farm but were not detected on cabbage samples from the one commercial farm or the homestead gardens. Conclusion: Water sources quality used for irrigation greatly influences the microbial dynamics of the irrigated crop. Significance and Impact of the Study: Microbial biomes in irrigation water and on leafy greens were described with pyrosequencing and revealed insights into prevalence of potential and opportunistic pathogens across different production systems.
Introduction
The consumption of fresh leafy green vegetables has increased over the past few years, owing to well-recognized health benefits (Ceuppens et al. 2014) . However, associated with this increase are food borne disease outbreaks, linked to the use of polluted irrigation water (Pachepsky et al. 2011; Allende and Monaghan 2015) . Most of these reported epidemics have been attributed to pathogenic Salmonella and Escherichia coli (Nygard et al. 2008; Ceuppens et al. 2014) . In particular, cabbage, lettuce and spinach have been associated with most of the foodborne disease outbreaks (Smith DeWaal and Bhuiya 2007; Nygard et al. 2008; Ceuppens et al. 2014; Park and Kang 2015) . According to Teplitski et al. (2009) these recent increases in human-related disease outbreaks is mainly due to adaptation and persistence of enteric pathogens on plant surfaces. The phyllosphere is therefore of fundamental importance to food safety and research on the microbial ecology of fresh produce contribute towards a better understanding of population dynamics and intervention strategies (Telias et al. 2011) .
The presence of potential human pathogens in irrigation water and on the phyllosphere is a cause of concern (Pachepsky et al. 2011; Ceuppens et al. 2014) . Consequently, guidelines based on good agricultural practices aiming at improving food safety have recommended potable water for irrigation of vegetables consumed raw (Pachepsky et al. 2011) . However, the scarcity of potable irrigation water is a persistent challenge in the agricultural sector. Hence, farmers may resort to use of water sources with compromised quality (Gemmell and Schmidt 2012) . Water sources become contaminated when exposed to improperly treated municipal sewerage discharged into the main water ways or, untreated animal or human faeces being washed into rivers during rain events. The link between microbial quality of irrigation water and safety of leafy green vegetables has been established in recent studies (Du Plessis et al. 2015) .
Underestimation of microbial populations using culture dependent methods led to the use of next-generation sequencing technologies, including 454-pyrosequencing. This platform provides a more holistic account of microbial communities in diverse environments due to the amplified number of sequence reads obtained (Telias et al. 2011) . Advantages of pyrosequencing include rapidity and high flexibility (Lim et al. 2010) . Pyrosequencing technology has been used to explore soil microbial populations, exploring and quantifying fungal diversity in freshwater lake ecosystems (Monchy et al. 2011) and bacterial communities in spray water and on tomato surfaces (Telias et al. 2011) .
Leafy green vegetables are often referred to as lettuce, spinach and cabbages commonly grown in commercial and small-scale farming systems or in homestead gardens. However, studies on the microbial quality of irrigation water and fresh produce have mostly been focused on commercial production systems (Ceuppens et al. 2014; Du Plessis et al. 2015) , while little attention has been paid to small-scale farming systems or homestead gardens (Speelman et al. 2008; Erickson et al. 2013) . A previous study by Jongman and Korsten (2016a) explored the microbial quality of leafy greens from different production systems using culture based techniques. To the best of our knowledge, we are not aware of a study comparing the three different production systems using pyrosequencing as a novel tool to assess source tracking potential of waterborne pathogens and bacterial population dynamics. We there therefore used next Generation sequencing (NGS) and analysis of the V1-V3 hypervariable of the bacterial 16S rDNA to evaluate the microbiological quality and to identify potential foodborne and opportunistic pathogens in irrigation water sources and the associated leafy green vegetables from homestead gardens, small-scale and commercial farm production systems.
Materials and methods
Site description, sample collection and processing A total of 12 representative samples from irrigation water sources (6) and leafy greens (6) (three pooled samples each made up of three leaves per sample) from formal and informal vegetable production systems in South Africa (Table 1) were selected for pyrosequencing. Commercial farm A was Global G.A.P certified and grew cabbage, baby spinach and lettuce for a major retailer. The water source was borehole water which was first pumped into a temporary reservoir or holding dam before spray irrigation using a central pivot system. The other sites were not Global G.A.P certified and grew cabbages only. The sites included a commercial farm (B) irrigating the crop with river water applied as a spray, a small-scale farm using river water as water source applied through hose pipes and homestead gardens using river or ground harvested rainwater (GHRW) using buckets. Water samples were collected and processed as previously described (Chidamba and Korsten 2015) with minor modifications. Water samples (750 ml) were concentrated through cellulose nitrate filters (0Á45-mm pore size; Sartorius, Gottingen, Germany) while fresh baby spinach, cabbage and lettuce (25 g) were suspended in sterile peptone buffered water (225 g) and stomached. The micro-floral wash was then centrifuged at 10 000 g and the pellet stored at À80°C until DNA extraction was performed. 
DNA extraction and pyrosequencing
Genomic DNA (gDNA) was extracted from the filter papers and the pelleted vegetable samples using ZM fungal/bacterial DNA miniprep TM kit (Zymo Research Corporation, CA, USA) as per manufacture's specifications, and concentration determined with the Qubit 2.0 Fluorometer (Lifescience Technology, Johannesburg, South Africa). Extracted gDNA was stored at À20°C. DNA samples were sent to Inqaba Labs (Pretoria, South Africa) for Illumina MiSeq sequencing targeting the V1-V3 hypervariable region of the bacterial 16S rDNA using universal bacterial primer set 27 F (5 0 -AGAGTTTGATCMTGGCTCAG-3 0 ) (Weisburg et al. 1991) and 518R (5 0 -ATTACCGCGGCT GCTGG-3 0 ) (Muyzer et al. 1993) .
Pyrosequencing data processing and analysis
Sequences that were of lower quality or shorter than 150 bp in length were removed from the data sets using the RDP pyrosequencing pipeline initial processing (http:// pyro.cme.msu.edu) (Cole et al. 2009 ). The RDP classifier was used to manually remove nonspecific or unexpected bacterial and archaeal reads (Cole et al. 2013) . Operational taxonomic units (OTU) and rarefaction curves were generated at 3%, dissimilarity level using the RDP pyrosequencing pipeline (Hur and Chun 2004 (Bray and Curtis 1957) . Agglomerative clustering analyses were performed with Bray-Curtis distances as input and the UPGMA clustering method specified.
Results

Characteristics of the sequenced data
Pyrosequencing, processing and analysis of the 12 samples generated a total of 66 519 bacteria sequences which were assigned to 401 OTUs. The number of sequences in the collected samples varied between 13 721 and 1133 sequences, while the number of OTUs varied between 39 and 295 OTUs ( Table 2 ). Analysis of a rarefied OTU table to an even depth of 1000 reads per sample revealed a higher number of OTUs in GHRW followed by river water (both from homestead gardens) and river water from the small-scale farm, while cabbage samples from commercial farm B had the lowest number of OTUs detected. The Chao1, species evenness estimator and Shannon diversity indices indicated high diversity and evenness for all samples with minimum values of 23Á25 and 1Á36. The most diverse bacterial populations were found in GHRW irrigation water samples from homestead gardens, while the lowest was observed in cabbage from commercial arm A. On farm holding dam samples GHRW, ground harvested rain water. *OTUs determined at an even depth of 1000 sequences.
had more diversity than the borehole samples at commercial farm A (Table 2) .
Phylum level diversity
At phylum level, 80% of the sequences were classified into 42 distinct bacterial phyla (Figs 1 and 2 ). Unclassified sequence reads were excluded from the data set.
Proteobacteria were the most dominant in the data set (64Á5%), with holding dam water from a commercial farm accounting for 28Á4% of the total reads in the phyla. Cabbage sampled from homestead gardens had the most diversity (n = 30 phyla) while the least was observed in cabbage from a small-scale farm (n = 7 phyla). The phylum Firmicutes (12Á2%) was the second most dominance and it was detected in all water and vegetable samples. The phylum was detected at 33Á9% in cabbage from homestead gardens but at <1% in cabbage from commercial farm B. Planctomycetes were detected across all tested samples and were mostly dominant in GHRW (42Á7%).
Other phyla with interesting distribution include Firmucutes (63Á6%) and Proteobacteria (32Á2%) in cabbage from small-scale farm, while, Gemmatimonadetes was only detected in river (1Á2%) and GHRW (<1%) (Fig. 1) .
Class level diversity
A total of 61 taxonomic classes were obtained at class level and 10% of the sequences were unclassified and consequently omitted (Table 3) . Four classes accounted for over 76% of identified taxonomic groupings: Gammaproteobacteria (73Á4%), Bacilli (7Á5%), Clostridia (4Á4%) and Alphaproteobacteria (4Á1%). These four classes dominated the data set in all the tested irrigation water sources and leafy green vegetables. Cabbage samples from commercial farm B was dominated by sequences belonging to Gammaproteobacteria (99Á6%); and was the highest observed of all other samples. Overall, Gammaproteobacteria were identified in both irrigation water and on leafy greens from commercial (76Á9 and 36Á1%), small-scale (84Á4 and 82Á1%) farms, and homestead gardens (84 and 71Á2%). Gammaproteobacteria was detected on baby spinach (6Á8%) and lettuce (4Á3%) from commercial farm A (Fig. 2) . Although Flaviobacteria accounted for 2% of the total sequences, 19Á7% of the reads were from spinach samples from commercial farm A where the taxonomic grouping represented the highest detected classifications within the tested samples. In all cabbage samples, commercial farms had more sequence reads belonging to Bacilli (65%) than small-scale (8Á4%) and the homestead gardens (<1%). Other classes detected include Betaproteobacteria (3Á2%), Sphingobacteriia and Planctomycetia (<1%) (Figs 2 and 3 ).
Genus level diversity
At genus level, variations amongst the microbial populations of various irrigation water sources and leafy green (Table 3) . Sequences belonging to Aeromonas (38Á7%) and Exiguobacterium (11Á7%) dominated the data set. The genus Aeromonas was detected in Borehole (93Á6%) and pond (47Á6%) water samples from commercial farms A and B, respectively. The genus was also detected in river water (12Á8%) but not on cabbage samples at the small-scale farm. Other genera detected at ≤2% in irrigation water and on leafy greens across all sites include Bacillus, Enterococcus, Enterobacter, Klebsiella and Pseudomonas (Table 3) . Escherichia/Shigella sp. (<2%) were detected in irrigation water sources and leafy green vegetables (Table 3) . Of the total Escherichia sequences detected in tested samples, lettuce (16Á3%) from commercial farm A harboured more than cabbage from small-scale (1Á3%) and homestead gardens (1Á9%). Escherichia sequences were detected in both irrigation water (4Á6%) and on cabbage (1Á3%) samples from small-scale but were detected only in source water (Pond, <1%) and not on cabbage at commercial farm B (Table 3 ). The detection of sequences belonging to the genus Escherichia is consistent with our previous results where isolates were recovered using conventional culture methods (Jongman and Korsten 2016a) . Shigella sequences in the various irrigation water and leafy greens were detected at relatively the same levels as Escherichia. Some sequences detected below 1% have been grouped together (Table 3) . These include Salmonella. The genus Salmonella was absent in borehole water but was detected in holding dam water (<1%) from commercial farm A. Salmonella sequences were present in river water (<1%) and cabbage (1Á9%) from the smallscale farm. Sequences of the genus Salmonella were not detected on cabbage samples from commercial farm B and homestead gardens. Salmonella was also present in In contrast, Salmonella isolates were not recovered using traditional culture methods in our previous study (Jongman and Korsten 2016a). A comparison of shared OTUs in commercial farm A showed significant differences with the water after storage in the holding dam (Fig. 3) . More OTUs were shared between the dam water and crops then between crops and borehole source water. Comparison between GHRW and river water used in a homestead garden showed GHRW to have a wide diversity compared to river water and this high diversity appear to influence the observed microbial diversity on irrigated cabbage. In all samples unique OTUs were observed both in the irrigation water and on crop samples (Fig. 3) .
Cluster analysis
The phylogenetic diversity comparison of the different samples is shown in the UPGMA cluster dendrogram and PCoA (Fig. 4) . Marked clustering differences can be observed with crop samples falling into three distinct groups (i) commercial farm A (cabbage and spinach) and small-scale farm cabbage; (ii) homestead gardens cabbage and (iii) commercial farm B cabbage. Although borehole water was pumped in the holding dam, the two were grouped separately. Interestingly the holding dam water samples were grouped together with the irrigated cabbage and spinach, although the same could not be said for spinach. A similar observation was made with cabbage and GHRW from homestead gardens which clustered together. River water samples from Commercial (A and B) and small-scale farms also clustered together away from the irrigated produce and holding dam water as well as GHWR.
Discussion
Studies previously conducted by the authors have shown irrigation water microbial quality to greatly influence observed microflora on associated leafy greens (Jongman and Korsten 2017) . However, traditional culture methods were used in the study and have the disadvantage that they focus on individual or closely related species, rather that the whole microbiome (Jongman and Korsten 2016) . Pyrosequencing evaluation of the V1-V3 hypervariable regions of the 16S RNA to investigate microbial communities in both water and irrigated produce revealed interesting findings. These included variations in microbial quality of irrigation water from different environmental settings and associated leafy greens from different production systems. To our knowledge this is the first study to use NGS to investigate various irrigation water sources (river, pond, dam, borehole and GHRW) and the irrigated crops i.e. leafy green vegetables (baby spinach, cabbage and lettuce) across different production systems (commercial and small-scale farms, and homestead gardens).
The observed dominance of Proteobacteria (64Á5%) Firmicutes (12Á2%) and Bacteroidetes (4Á9%) in all samples, with the exception of cabbage from homestead garden, is similar to reports by Telias et al. (2011) , although the phyla Actinobacteria were more prevalent than Bacteriodetes in their findings. Microbial communities in cabbage samples from homestead garden were dominated by the phylum firmicutes (75%) although the phylum was observed at less than 18% in all other samples. Interestingly, the irrigation water used at homestead gardens had comparatively higher diversity, however, Proteobacteria was the dominant phylum not Firmicutes. The observed variation in the dominance of firmicutes on cabbage samples may suggest the influence of environmental or inhabiting microbial Figure 4 Principal coordinate analysis of UPGMA visualisations of similarities amongst irrigation water sources and leafy greens from different production systems. Plots were made using Bray Curtis ecological index. [Colour figure can be viewed at wileyonlinelibrary.com] communities in promoting its dominance. Generally Proteobacteria have been reported to be the main component of the leaf endophytic community on field grown leafy green vegetables (Dees et al. 2015) . Our study reports the bacterial communities in holding dam water (31%), cabbage (19%), spinach (11%) and lettuce (9Á9%) to be dominated by Gammaproteobacteria, results which have also been noted by previous studies (Leff and Fierer 2013) .
Taxonomic sequences belonging to genera of known foodborne pathogens such as Escherichia and Shigella, Salmonella were detected in irrigation water sources and leafy green vegetables using pyrosequencing. The detection of Salmonella in the holding dam but not in borehole source water can be explained by the observation made by Telias et al. (2011) who stated that the sustenance of enteric pathogens is less likely in groundwater sources owing to soil filtering mechanisms, however poorly managed open water sources were vulnerable to pollution. In their study on tomatoes Telias et al. (2011) detected high levels of Enterobacteriaceae, contrary with our findings and they could not confirm the presence of Salmonella sequences. Our study found that Enterobacteriaceae sequences accounted for 34Á6% of all taxonomic classifications, similar to levels reported by Leff and Fierer (2013) . Of all Salmonella sequences detected, 51% were on cabbage samples from the small-scale farm. The absence of Salmonella in the source water (river) and the irrigated cabbages from homestead gardens suggests the product to be less risky than from the farming systems using source water containing Salmonella sequences.
The detection of taxonomic signatures belonging to Escherichia, in irrigation water and leafy greens is a cause of concern since these crops are mostly consumed raw. Several strains belonging to this genus, including E. coli O157: H7 (Park and Kang 2015) , have been reported to be the leading cause of foodborne illnesses associated with fresh and ready-to-eat vegetables such as cabbage and lettuce (Smith DeWaal and Bhuiya 2007) . Although Listeria is one of the major concerns in food borne illnesses, no signatures of the pathogen were detected across all samples, similar to previous studies in source water (Dobrowsky et al. 2014) , spinach and lettuce (Jackson et al. 2013 ). However, findings are similar to those by Jackson et al. (2013) , Ahmed et al. (2014) and Dobrowsky et al. (2014) in revealing the presence of Salmonella, Shigella, Enterococcus, Bacillus, Pseudomonas and Aeromonas in water. Despite benefits of recent advances in rapid detection methods, presence of nucleic acids belonging to pathogenic micro-organism(s) does not imply the presence of live organism(s) (Ceuppens et al. 2014) . However, Muller and Ruppel (2014) showed that 0Á1-50% of the total bacterial community detected with culture-independent molecular methods were cultivable. Therefore, although it is true that the presence of nucleic sequences belonging to pathogens does not constitute a food safety risk (Ceuppens et al. 2014) , findings of Muller and Ruppel (2014) suggest a potential hazard.
Phyllosphere bacteria are capable of intricate associations with human pathogens thus potentially affecting fresh produce safety (Lopez-Velasco et al. 2013) . Some Pantoea sp. have significant roles in promoting plant growth in the phyllosphere (Leff and Fierer 2013) . Similar to the results by Leff and Fierer (2013) , our study found that sequences belonging to the genus Pantoea had a high relative abundance in samples that also had a high relative prevalence of Enterobacteriaceae.
Sequences of the genus Pseudomonas dominated bacterial populations in holding dam water (41%) and cabbage (19%) samples from commercial and small-scale systems, respectively. This finding was similar to other studies by Jackson et al. (2013) and Leonard et al. (2015) on spinach, although they detected the genera at much higher levels. Phylotypes belonging to the genus Pseudomonas were dominant on spinach compared to other leafy greens, similar to trends reported by Jackson et al. (2013) . Sequences of the genus Legionella were detected only in GHRW and river water samples from homestead gardens. This concurs with results of a previous study (Navarro-Noya et al. 2013) . High temperatures, combined with presence of biofilm pioneers such as Pseudomonas (detected in all tested samples except river water from homestead gardens in this study) and Klebsiella (in all water sources at commercial farms) may lead to proliferation of Legionella thus posing a potential human health risk owing to the Legionnaires disease (Wingender and Flemming 2011; Navarro-Noya et al. 2013) .
Phylotypes belonging to the genus Arcobacter were detected in river water from homestead gardens. This result is similar to that of Hausdorf et al. (2013) . However, Hausdorf et al. (2013) also detected Arcobacter in spinach samples, contrasting with our results. The infectious dose of pathogenic Arcobacter strains is unknown. However, if the infectious dose of Arcobacter is similar to their phylogenetic close relative, Campylobacter jejuni (500-800 cells), and contaminated irrigation water may be a potential health hazard especially for leafy green vegetables consumed raw (Hausdorf et al. 2013) . The detection of phyllotypes belonging to genera of known human pathogens is therefore a potential health hazard, irrespective of the production system used for leafy green vegetables.
The findings in this study show the influence of water quality and crop production systems. This is made apparent by the differences in groupings between borehole source water and the holding dam where it was initially pumped from. Moreover microbial communities on the irrigated crops were grouped away from the borehole water, but were grouped together with holding dam water. The observation of water quality variation between borehole and holding dam water suggest caution on water handling processes as they have the potential to introduce contamination in otherwise clean water (Telias et al. 2011) . This is important considering that holding dam water is exposed to birds and other small animals which can result in faecal contamination. Moreover biofilm formation can allow the proliferation of some bacteria such as Legionella. The piping used for irrigation has also been implicated in irrigation water contamination from flacking biofilms in the pipes (Van der Merwe et al. 2013) . While irrigation water may greatly influence microbial communities on irrigated produce, it appears that there may be other processes influencing observed microbial communities. This is of particular importance in agricultural systems where animal manure is used as fertilizer, or close proximity to faecal sources (i.e. cattle kraal) where dust can be blown onto vegetable surfaces. This was a scoping study to assess the potential of novel techniques to assess the bacterial footprint in different production systems. A more in depth study should follow that determine level of variation within systems.
Water sources quality used for irrigation greatly influences the microbial dynamics of the irrigated crop. Although borehole water may be used as a premium water source, storing this water in a holding dam can affect the quality and may result in the introduction of potential pathogens such as E. coli and Salmonella. Using novel methods i.e. pyrosequencing provides a more in depth insight in population dynamics and can contribute to source tracking studies. The study of water and crop microbial quality targeting whole communities can provide greater insight into factors influencing observed variations, compared to the study of single viable species only.
